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ABSTRACT
The Pacific Northwest National Laboratory has developed an instrument known as the sensor fish that can be released into downstream passage routes at hydropower facilities to collect data on the physical conditions that a fish might be exposed to during passage through a turbine. The US Department of Energy Wind and Water Power Program sees value in expanding the sensor fish application space beyond large Kaplan turbines in the northwest United States to evaluate conditions to which a greater variety of fish species are exposed. Development of fish-friendly turbines requires an understanding of both physical passage conditions and biological responses to those conditions. Expanding the use of sensor fish into other application spaces will add to the knowledge base of physical passage conditions and could also enhance the use of sensor fish as a site-specific tool in mitigating potential impacts to fish populations from hydropower. The Oak Ridge National Laboratory (ORNL) National Hydropower Assessment Program (NHAAP) database contains hydropower facility characteristics that, along with national fish distribution data, were used to evaluate potential interactions between fish species and project characteristics related to downstream passage issues. ORNL developed rankings for the turbine types in the NHAAP database in terms of their potential to impact fish through injury or mortality during downstream turbine passage. National-scale fish distributions for 31 key migratory species were spatially intersected with hydropower plant locations to identify facilities where turbines with a high threat to fish injury or mortality overlap with the potential range of a sensitive fish species. A dataset was produced that identifies hydropower facilities where deployment of the sensor fish technology might be beneficial in addressing issues related to downstream fish passage. The dataset can be queried to target specific geographic regions, fish species, license expiration dates, generation capacity levels, ownership characteristics, turbine characteristics, or any combination of these metrics.
INTRODUCTION
Overview
The Pacific Northwest National Laboratory (PNNL) has developed an instrument known as the sensor fish that can be released into the intake of a hydropower turbine or other water passage route (e.g., spillway or sluiceway) to collect data on the physical conditions (e.g. water pressures, velocities, accelerations) that a fish might experience during passage through a hydropower turbine or other dam passage route into the dam tailwaters (Deng et al. 2007 ). The US Department of Energy Wind and Water Power Program (DOE-WWPP) is funding design enhancements in the sensor fish so that it might have wider application. To date, the sensor fish has been deployed mainly, but not exclusively, at dams with large Kaplan turbines on northwest river systems (Deng et al. 2010) . However, there is value to expanding the sensor fish application space to include additional types and sizes of turbines to collect data on turbine passage conditions to which a greater variety of fish species are exposed.
The Oak Ridge National Laboratory (ORNL) National Hydropower Asset Assessment Program (NHAAP) (ORNL 2013 ) is an integrated energy, water, and ecosystem research effort for sustainable hydroelectricity generation and water management. The ORNL NHAAP database contains hydropower facility characteristics, such as turbine type, hydraulic head, and geographic location, which along with national fish distribution data can be used to evaluate potential interactions between fish species and project characteristics related to down-stream passage issues.
This report summarizes the results of an analysis performed by ORNL using the NHAAP database and publicly available fish distribution data to identify potential new application space for the sensor fish. Although fish distribution information is available for hundreds of species, this analysis focused on potential interactions between a subset of key migratory fish species and different turbine types.
The value of identifying new application space for the sensor fish
Development of environmentally advanced (i.e., fish-friendly) turbines requires an understanding of both physical passage conditions and biological responses to those conditions. Expanding the use of sensor fish into other application spaces (e.g., Francis turbines, Pelton turbines, small hydro projects) will add to the knowledge base of physical passage conditions (e.g., velocities, blade encounters, pressure changes, and sheer stresses) and could also enhance the use of sensor fish as a site-specific tool in mitigating potential impacts to fish populations from hydropower.
METHODS
NHAAP Database Overview
As part of the NHAAP database effort, ORNL integrates data from multiple data sources and compiles the most current, detailed, and spatially comprehensive information for analyzing and visualizing existing US hydropower assets. Existing hydropower asset data are housed within the NHAAP geographic information system at ORNL and are used to support various initiatives of the DOE-WWPP.
The NHAAP database design is both relational and hierarchical in structure and includes characteristics for hydropower plants, dams, and turbines. Data compilation and integration into the database is ongoing as new information is acquired, but the existing hydropower asset data compiled to date are more than adequate to perform a wide variety of analyses. Of the roughly 2,300 hydropower plants in the United States, over 1,800 have pertinent data (i.e., turbine types or key migratory species present) that justifies including them in this analysis (Figure 1 ). 
Applying a turbine threat ranking to different turbine types in the NHAAP database
ORNL has done considerable research and assessment, including long-standing collaborations with PNNL, related to understanding turbine passage conditions for fish. Fish passing through a turbine are subjected to potentially lethal conditions in the form of pressure differentials (rapid decrease in pressure), turbulence and shearing forces, cavitation (below atmosphere pressure), and mechanical injury (abrasion, contusion, and blade strike) (Cada et al. 1997 , Cada 2001 . The degree of the injury is related to fish species and size, facility operating mode, and turbine characteristics. Turbine characteristics include turbine type, turbine design (e.g., the number of blades), power capacity, rated head, runner diameter, and rotational speed, and the accumulation of these characteristics results in the degree of threat to fish passing through a turbine.
The selection of turbine type, rotational speed, and runner diameter are dependent on the rated and operating ranges of hydraulic head and power (flow) capacity. It is generally more technically suitable and economically efficient to use high-speed turbine-generator units at high-head hydropower sites. High-speed turbines typically have more blades than lower speed turbines. Impulse turbines (Pelton and Turgo) with high-pressure jet flows are considered fatal to any entrained fishes, and thus require small screen sizes at water intakes. Low-head and low-speed turbine runners, designed with thicker and less-sharp wicket-gates and blades as well wider gaps between the parts, are more fish-friendly. The operating mode of a facility (peaking and pulsing) and mode changes could further complicate and aggravate the potential fish injury through adverse flow conditions, stress, and pressure differentials.
Based on ORNL personnel's knowledge of hydropower turbine selection and design, Table 1 ranks the turbine types in terms of their potential to impact fish through injury or mortality during downstream turbine passage. It should be noted that this order of threat ranking is relative for the same fish specifies and similar capacity scales of hydropower units. For example, a Francis turbine is not necessarily less impactful than a Pelton turbine for a particular fish species, if the Pelton turbine is installed at a small hydropower site with 300 feet of rated head and a large Francis turbine is installed at a large hydro site with 1,000 feet of rated head. There is significant overlap in the application ranges of different turbine types. Figure 2 shows the head ranges of different turbine types using the existing hydropower plant data taken from the NHAAP database.
Each turbine in the NHAAP database for which turbine-type data have been acquired (n=4,777) was assigned a threat ranking of one (lower risk) to seven (higher risk) based on fish impact potential as described in Table 1 . A threat ranking was approximated for turbines for which turbine-type data have yet to be acquired but turbine-rated head values have been acquired (n=169). Head values were approximated for these turbines by transforming all head values into a range of 1 to 7. It was assumed that turbines with higher fish impact potential were typically installed at dams with higher head. Once threat rankings were assigned to turbines, an average threat ranking was calculated for each plant and this average was transformed to a value range of one to ten. 
Linking distributions of key migratory fish species to turbine locations
NatureServe (2010) has spent over a decade developing and refining a database of the current and historical distributions of freshwater fishes at the 8-digit hydrologic unit code (HUC) scale. The database includes information for over 800 species. The sensor fish application space analysis focused on 31 key migratory fish species representing 12 genera deemed highly important because of their migratory characteristics, level of protection, impaired status, or stakeholder interest ( Table 2 ). The NatureServe database notes whether a species is native or introduced in each 8-digit HUC, and all introduced species were excluded from consideration in this analysis. The NatureServe database does not include Alaska or Hawaii, and thus those states were not included in this analysis. A spatial intersection analysis was performed at the 8-digit HUC scale to determine the potential presence or absence of each key migratory species at each hydropower plant location. 
RESULTS
The spatial intersection analysis was used to produce turbine threat ( Figure 3 ) and migratory species (Figure 4 ) maps that allow for visualization of turbine threat and key migratory species patterns and their potential interactions across the United States. Tabular datasets (full versions provided separately to PNNL, subsamples provided herein) were also produced that summarize, for each hydropower plant (Tables 3 and 4) :
• the average turbine threat for the assemblage of turbines at each plant,
• type of turbine installed at each plant 1 , • the total number of key migratory species that occur within the 8-digit HUC of the plant, • the nameplate capacity for generation potential at each plant, • whether the facility operates under a license or is exempt, • the license expiration date, • the state where the plant is located, • the 8-digit HUC where the plant is located, and • a list of key migratory species that occur within the 8-digit HUC of the plant. We included in the spreadsheet several filtering or sorting criteria that can be used to shorten the list of potential projects that might benefit from sensor fish application. The relevance of turbine type and hydraulic head were discussed earlier and are incorporated in the turbine risk score. Nameplate capacity is included with the presumption that higher generation capacity is closely related to the amount of water and therefore the number of fish passing through the turbines. Greater capacity also implies higher project revenues, which could mean a greater chance that the project owner can afford a sensor fish study. 'Years to Expiration' of the FERC license is included to identify those projects that will be in a stage of relicensing when studies are being planned that might benefit most from sensor fish deployment.
It should be noted that the NatureServe fish distribution data used in this study were derived at a relatively coarse national scale, so local-scale migration habits and/or habitat preferences of individual species were not accounted for in this analysis. Thus, the validity of species occurrences at specific facilities should be scrutinized based on professional knowledge of fish migration habits and habitat preferences in relation to specific dam locations.
In the analysis described in this letter report, the migratory species of concern were selected based on the experience of the authors and their knowledge as to which species have caused the most concern with regards to downstream fish passage. ORNL has also started a second approach that uses a traits-based analysis of fish vulnerability to turbine passage using the conceptual framework outlined by Cada and Schweizer (2012) to identify species of concern. By applying a traits-based assessment using a conceptual model that accounts for entrainment, passage, and population sustainability risks based on fish traits and turbine characteristics, more refined results can be achieved across the landscape and a more in-depth discretization of results can be performed. This approach might be completed in FY14 as part of the Biological Design Criteria project.
In addition to application at conventional hydropower dams, other types of waterpower, water conveyance, and water transfer systems should be considered as possible candidates for sensor fish testing. Several designs of hydrokinetic turbines are being tested for deployment in large river and tidal settings. One of the primary environmental concerns with these turbines is the impact to fish that pass through the turbine blades (Cada et al. 2007 , EPRI 2011 . These types of turbines do not produce a rapid change in pressure like that which occurs in conventional hydropower turbines, but blade strike and sheer are legitimate concerns. Studies of the potential impacts of hydrokinetic turbines have been difficult to conduct in the lab and field, and sensor fish technology might be able to answer questions that other forms of study have not been able to. Similar turbines are being tested in water conveyance canals and pipelines, but since these artificial conveyances seldom have fish populations of concern in them, the opportunity for application of sensor fish technology in these systems is probably minimal.
Large water withdrawal pumps, on the other hand, do sometimes operate in environments with sensitive fish populations, and minimizing entrainment or injury as a result of entrainment could be a problem that is solved by sensor fish application. Fish-friendly pumps developed by the Bureau of Reclamation are one example of designs that might benefit from sensor fish studies (USDOI-BUREC 2011). Fairbanks Nijhuis has developed a fish-friendly pump that is available in both vertical and horizontal configurations for both dry and wet mounting and has a default capacity that varies from 1,500 to 180,000 m 3 /h. Bosman Watermanagement has also developed a fish-friendly pump, the Vision, which is designed to enable fish migration through a pumping station. The Vision is suitable for both new construction and renovation of pumping stations, is available in a range of standard modules, and has a reported capacity range of approximately 720-18,000 m 3 /h.
